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Q\ ■ Nucleus-nucleus collisions at RHIC produce high temperature and high energy density 

matter which exhibits partonic degrees of freedom. We will discuss measurements of nuclear 

y—{ [ modification factors for light hadrons and non-photonic electrons from heavy quark decays, 

which reflect the flavor dependence of energy loss of high momentum partons traversing the 
. dense QCD medium. The hadronization of bulk partonic matter exhibits collectivity in effective 

partonic degrees of freedom. Nuclear collisions at RHIC provide an intriguing environment, 
where many constituent quark ingredients are readily available for possible formation of exotic 
particles through quark coalescences or recombinations. 

o : 

lp : 1 Introduction 

Lattice Quantum ChromoDynamics (QCD) predicted that at high temperature and/or high 
baryon density quarks and gluons are deconfined and a new state of matter, the Quark-Gluon 
Plasma (QGP) is formed. The nature of the transition from hadrons to the QGP has not 
been established. Theoretical calculations indicate that there may be a critical point at finite 
baryon density, and at low baryon density the transition may be a smooth cross over while 
at higher baryon density a first-order phase transition may take place. More details may be 
found in and references therein. 

High energy nucleus-nucleus collisions have been used to study QCD at the extreme condi- 
tions of temperate and density and to search for the new state of matter. Experimental results 
at RHIC have demonstrated that matter of extreme high energy density has been produced in 
central Au+Au collisions. High momentum partons from hard scatterings have been used to 
study the energy loss of the partons when travesing the dense matter. In this brief report we 
will discuss the flavor dependence of the parton energy loss in dense medium, characteristics of 
hadronization for bulk partonic matter and possible formation of exotic particles from nuclear 
collisions at RHIC. 



2 Partonic Energy Loss in Dense QCD Medium 

High energy heavy ion collisions at RHIC made it possible to realize an idea first proposed 
by Bjorken [2] and further developed by X.N. Wang and M. Gyullasy J2| to study partons 
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scattering off high temperature dense matter. Nuclear modification factors, 
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have been defined to quantitatively describe the change in the pj* spectra due to energy loss of 
high momentum partons in the dense medium, where iV co n denotes for the number of binary 
inelastic nucleon-nucleon collisions, Cen and Per for central and peripheral nucleus-nucleus 
(AA) collisions. These factors would be unity if nucleus-nucleus collisions are a superposition of 
independent nucleon-nucleon collisions. The experimental observations of a strong suppression 
of high transverse momentum (pr) particles (Raa or Rcp ~ 0.2 << 1) in central Au+Au 
collisions have been one of the most exciting discoveries at RHIC, which established that the 
presence of dense matter created in central Au+Au collisions significantly changes the high p? 
distribution of hadrons produced from partons traversing the dense medium. 

Recent experimental studies of high px physics at RHIC focus on questions of 1) whether 
the suppression of high pj- particles in central Au+Au collisions is mainly due to partonic, 
not hadronic, energy loss; 2) whether there is experimental effects due to quark versus gluon 
energy loss difference; and 3) whether there is a flavor dependence in partonic energy loss, in 
particular, difference between light and heavy quarks. 

Figure 1 shows the nuclear modification factors Raa of neutral 7r° and r\ from PHENIX [3] 
and Rcp of protons and charged pions from STAR [2]. The boxes on STAR data are systematic 
errors and the PHENIX errors contain point-by-point statistical and systematic errors. These 
data have extended the measurements of nuclear modification factors for identified particles to 
much higher pr and confirm the previous observation that there is a px scale around 6 GeV/c 
that distinct particles produced by fragmentation processes from those at the intermediate 
px of 2-6 GeV/c where multi-parton dynamics are important |7j. Note that the definitions 
of collision centrality and nuclear modification factors are slightly different for STAR and 
PHENIX data. 
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Figure 1: Nuclear modification factors Raa for 7r° and rj from PHENIX and 
Rcp for tt + + tt~ and proton (p + p) from STAR. The differences in Raa 
between tt° and rj, in Rcp between n and proton disappear above pr of 6 
GeV/c indicative of parton energy loss before the hadron formation. 



These measurements of nuclear modification factors indicate no significant difference be- 
tween 7T° and 77, between charged tt and protons (anti-protons) in the region of px greater than 
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6 GeV/c. Therefore, the energy loss processes must have taken place before the formation of 
these particles, which have very different hadronic scattering cross sections if energy loss from 
hadronic re-scattering were to dominate. These data have experimentally established that the 
energy loss dynamics must be due to partons, which have long been assumed in theoretical 
calculations of jet quenching [HI El HOj - More importantly there is no significant difference 
between baryons and mesons as shown by the STAR data. Gluon and quark jet fragmen- 
tations tend to contribute differently to baryons and mesons and generally anti-baryons at 
high pr tend to originate more from gluon fragmentations The large difference expected 
theoretically for gluon and quark energy loss in QCD medium does not manifest in the high 
Pt suppression of baryons and mesons from central Au+Au collisions. Recently Liu, Ko and 
Zhang calculated the quark-gluon jet conversion rate in the QGP using the lowest order QCD 
and they found that a much larger conversion rate is needed in order to explain the STAR 
measurement ^2j. Questions remain open whether and by what dynamics high px gluons 
would immediately convert to quark pairs when traversing the QGP and the gluon degrees of 
freedom do not explicitly manifest in the suppression of hadron spectra at high pp. 
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Figure 2: Measurements of nuclear modification factor of non-photonic elec- 
trons from heavy quark semi-leptonic decays by STAR and PHENIX in com- 
parison with that of charged hadrons by STAR. The magnitudes of suppression 
for hadrons and non-photonic electrons approach each other at high Pp. 

Figure |2l shows the STAR and PHENIX ^1] measurements of nuclear modification 
factor for non-photonic electrons in comparison with that of charged hadrons 14 from central 
Au+Au collisions at ^s NN = 200 GeV. The boxes (bars) on STAR electron data indicate the 
size of systematic (statistical) errors. For clarity only the statistical errors for PHENIX data 
are shown in the Figure and the systematic error is larger than or comparable to statistical 
error at each point |14| . In the overlapping px region the STAR and PHENIX data are 
consistent with each other within statistical and systematic errors. Non-photonic electrons 
in nuclear collisions are mostly from semi-leptonic decays of heavy quarks and due to decay 
kinematics the heavy quark meson pp is on average significantly higher than that of the decay 
electron. These measurements imply that the energy loss of heavy quarks is not significantly 
different from that of light quarks, in contradiction of theoretical expectations that heavy 
quarks would loss much less energy due to the dead-cone effect suppressing gluon radiation for 
heavy quarks ^Hj. Recent theoretical calculations cannot explain the non-photonic electron 
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and light hadron Raa measurements with a consistent dynamical picture |16l I17j . The parton 
energy loss mechanism in dense QCD medium and the significance of elastic collisional energy 
loss are under re-examination now |18U19j . One of the major experimental uncertainties is the 
relative D and B decay contributions to the non-photonic electrons at high pp. Lin proposed 
to use electron and hadron azimuthal angular correlations from D and B decays to study the 
relative D and B contributions j5U], which are being analyzed with STAR data now. The 
flavor dependence of parton energy loss continues to be a subject of both experimental and 
theoretical investigations. 

3 Hadronization of Bulk Partonic Matter 

Particle production from nucleus-nucleus collisions at RHIC has shown distinct px scales: px 
above 6 GeV/c or so where parton fragmentations become important and particle dependence 
in the nuclear modification factors disappears; pt below 2 GeV/c where hydrodynamic cal- 
culations can describe pt and elliptic flow v 2 distributions of tt, Kaon, protons, A and S 
particles |U; and the intermediate pt region of 2-6 GeV/c where unique particle type depen- 
dence on particle yield and elliptic flow v 2 has been observed [Zj. Experimental features in 
the nuclear modification factors and the elliptic flow at intermediate pt have been related to 
hadron formation mechanisms from bulk partonic matter through multi-parton dynamics such 
as quark coalescences and recombinations. 
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Figure 3: v 2 /n as a function of px/n for identified particles, where n is the 
number of constituent quarks. The dotted line is a polynomial fit to the 
available data. Systematic deviation as a function of particle masses at low px 
is largely due to hydrodynamic behavior. Internal structures of hadrons also 
contribute to deviations. 

A unique feature of constituent quark number scaling has been observed in experimental 
measurements of nuclear modification factors and elliptic flow v 2 at intermediate pt 0. This 
scaling cannot be explained in the traditional parton fragmentation picture for hadron for- 
mation where a leading parton determines the properties of the produced hadron in nuclear 
collisions. Characteristics of hadrons at intermediate px produced in nucleus-nucleus colli- 
sions at RHIC necessarily require that the constituent quarks for these hadrons pre-exist and 
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carry an azimuthal angular anisotropy before hadronization. Figure |3] shows elliptic flow vijn 
versus PT/ n , where n is the constituent quark number for identified particles from the STAR 
and PHENIX measurements :22 . At the intermediate px region the scaled data points fall 
approximately on a single curve. Deviations from the scaling in the low pt region have been 
attributed to hydrodynamic behavior and detailed internal quark-gluon structures for various 
hadrons have been shown theoretically to contribute to deviations from the scaling as well |2S1 • 
The constituent quark scaling has also been observed in the particle dependence of nuclear 
modification factors for ir, Kaon, proton and hyperons. Recently measurements of nuclear 
modification factor and vi for cp mesons have exhibited the constituent quark number scaling 
as well [241 125| . The 4> measurements confirm the parton origin of the dynamics for the scaling 
behavior and that strange quarks behave similarly to up and down quarks in nucleus-nucleus 
collisions at RHIC. 

Quark coalescence or recombination models |26[ I27[ I28[ I29j can explain the experimental 
features at the intermediate px- The constituent quark number scaling reflects the fact that 
hadrons are formed from constituent ingredients readily available at the hadronization stage 
from dense matter created in nuclear collisions and the azimuthal angular anisotropy of hadrons 
is the sum from individual ingredients. We denote this feature as constituent quark number 
scaling because the number of constituents is 2 for mesons and 3 for baryons although the 
constituent entity may not necessarily be the constituent quarks in traditional quark model 
for hadrons. 

The constituent quark number scaling in nuclear modification factors and elliptic flow for 
identified particles at intermediate px originates from partonic nature of the matter. Moreover, 
the partonic matter must exhibit parton collectivity such as V2 in order to explain experimental 
measurements of V2 at intermediate px for mesons and baryons including multi-strange hy- 
perons. These data have provided most direct experimental evidence for deconfined partonic 
matter created in nucleus-nucleus collisions at RHIC. Experimental data seem to imply that 
the effective degrees of freedom near the transition temperature for dense matter created in 
nucleus-nucleus collisions at RHIC are in the constituent quarks. Such a picture would be 
qualitively consistent with the description of quark-antiquark quasi-hadron state just above 
the T c by Brown, Gelman and Rho |30| . 

4 Exotic Particle Searches at RHIC 

Experimental data at RHIC indicate that many hadrons at the intermediate pt of 2-6 GeV/c 
are formed from coalescences or recombinations of quarks, which are readily available from 
the dense partonic matter created in nuclear collisions at RHIC energies. Such a collision 
environment would be favorable for the formation of exotic particles if these particles do exist. 
Of course, searches for exotic particles from an overwhelming number of ordinary hadrons in 
nuclear collisions at RHIC are both scientifically and technically challenging. STAR experiment 
has been pursuing an active program to search for exotic particles utilizing the large acceptance 
Time-Projection Chamber (TPC) and its superior capability for tracking of charged particles 
under high multiplicity density environment. 

STAR has been carrying out experimental searches on strangelet |31|. pentaquark and 
other exotic particles. We have observed an intriguing peak with ~ 4<r statistical significance 
in pK + + pK~ invariant mass distribution from 18.6 million d+Au collisions at ^Js NN = 
200 GeV. The observed peak position is at 1.53 GeV/c 2 and the width is consistent with 
detector resolutions. We denote this peak as 9 ++ for simplicity in our description. Note the 
observed peak is a different charge state than what has been called 6 + as first reported by 
the LEPS collaboration Neither the 9 + nor the 6 ++ states have been observed by the 

CLAS collaboration |33l I34j with recent analyses of much larger statistical samples than that 
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was previously analyzed for positive signal |35| . STAR has devoted considerable efforts to 
understand the background and check for possible experimental bias in the analysis for 9 ++ . 
We have also analyzed many other collision systems. We can neither confirm nor rule out 
the observation from d+Au collisions with currently available STAR data. Another d+Au 
run at RHIC will be needed to investigate the STAR data. Details of the STAR analysis can 
be found in reference [SHI- Future STAR detector upgrades, a barrel Time-of-Flight detector 
under construction and a Heavy Flavor Tracker, will significantly enhance the STAR capability 
for exotic particle searches. 

5 Experimental Outlook 

Searches for possible critical point in the QCD phase diagram is another interesting topic 
that we did not cover in this short contribution. The nature of the order of possible phase 
transition has not been determined experimentally. In fact, we do not know how to address 
the order of QCD phase transition question experimentally though generally it is believed that 
studies on fluctuations are relevant. Direct measurement of open charm and beauty mesons 
will be necessary in order to understand heavy quark dynamics in dense QCD medium, for 
which measurements of relative B and D contributions, elliptic flow vi of D and B mesons and 
elliptic flow V2 for quarkonia are critical. This will require future vertex detector upgrades for 
both STAR and PHENIX. 

To understand the QCD properties of matter near or above the T c will require more ex- 
perimental efforts. Dileptons in the low to intermediate mass regions will shed new insight 
on the chiral properties of the dense matter. Soft photons of tens MeV to GeV energy will 
be the shining lights from the dense matter and have remained an open experimental issue. 
And of course, our searches for exotic particles at RHIC may prove that RHIC is indeed an 
exotic particle factory which would allow us to study hadrons whose structure is beyond the 
conventional quark-antiquark and three-quark constituents. 

In summary RHIC as a dedicated QCD machine has an exciting scientific program even 
during the era of LHC experiment where the energy frontier is pushed an order of magnitude 
higher. 
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